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We report on transport and magnetization studies of the critical current in single crystal ErNi,B,C
for applied fields below 4 kG. Below T = 2.5 K superconductivity coexists with weak ferromagnetism.
We find that the critical currents are strongly enhanced for all field orientations in this ferromagnetic
regime, corresponding to a threefold increase of the pinning force of the flux line lattice. We speculate
that this increase is due to strong pair breaking by the ferromagnetism.

PACS numbers: 74.60.Jg, 74.60.Ge, 74.70.Dd

Local moment magnetic order and superconductivity
have conventionally been thought to be antagonistic ground
states. However, over the last 20 years the discovery of
a number of magnetic superconductors has allowed for a
better understanding of how magnetic order and supercon-
ductivity canindeed coexist [1]. In particular, starting with
the (RE)RhyB, and (RE)M 04 (S/Se)s and culminating with
(RE)Ni,B,C [2,3], where (RE) is arare earth, it has been
repeatedly shown that antiferromagnetism readily coexists
with type Il superconductivity. In the (RE)Ni,B,C sys
tem it has even been seen [4] that magnetic structures can
couple directly to superconductivity viathe flux linelattice
(FLL) structures for (RE) = Tm, as manifest by a shared
magnetic state and FLL phase diagram.

Historically, the coexistence of ferromagnetism and
superconductivity has been a much trickier negotiation. In
the case of ErRh,B,, for example, once the Er sublattice
starts to order ferromagnetically, superconductivity exists
for only approximately 0.1 K below the Curie temperature
[1]. On the other hand, in addition to superconductivity
coexisting with both the paramagnetic and antiferro-
magnetically ordered (RE) sublattice of the (RE)Ni,B,C
compounds, magnetization data suggest that weak fer-
romagnetism (WFM) and superconductivity coexist for
(RE) = Er below T ~ 2.5 K. Upon cooling the local
moment sublattice in ErNi,B,C, like that in TbNi,B,C,
has an initial transition from the paramagnetic state to an
antiferromagnetically ordered state [5,6], followed at lower
temperatures by a transition to an ordered state with a net
ferromagnetic component to the ordered moment [6,7].
The primary difference between ErNi,B,C and TbNi,B,C
is that for RE = Er there is a superconducting transi-
tion at T. = 10 K above both of the magnetic ordering
temperatures, Ty = 6 K and Twem = 2.5 K. The initia
speculation [7] about this WFM state in ErNi,B,C has
now been confirmed: As in the case of TbNi,B,C, spin-
polarized neutron diffraction [8] and ancillary supporting
data [9,10] detect a net ordered moment below Twgm.
Prior to the decisive spin-polarized neutron diffraction
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studies, our experimental search for binary, ternary, and
quaternary second phases in ErNi,;B,C failed to identify
any which order ferromagnetically near 2.5 K, adding
further supporting evidence that the ferromagnetism is
intrinsic. The details of the state in which weak ferro-
magnetism and superconductivity coexist are much less
clear, athough severa possibilities have been described.
One exciting prospect is a spontaneously generated FLL
in zero applied magnetic field [11]. Certainly this system
will be forced to develop new and interesting states in
response to this coexistence.

In this paper we report on a series of magnetization
and transport measurements on ErNi,B,C. Like all other
superconducting members of the (RE)Ni,B,C series,
ErNi,B,C has a Ginzburg-Landau parameter « = 5,
implying that the superconducting properties are con-
trolled by the FLL. In particular, we focus on the phase
below Twem = 2.5 K, where weak ferromagnetism and
superconductivity coexist. We show that ferromagnetism
enhances both the vortex pinning and critical currents
in this type Il superconductor. We speculate that the
ferromagnetism arises from ordering of the sharp domain
walls within the incommensurate modulation, with wave
vector g = 0.553a*, of the highly anisotropic Er local
moments below 6 K. Further, locally strong pair breaking
at adomain wall is the origin of the enhanced pinning.

The experiments described here were performed on high
quality single crystals from batches grown using isotopi-
cally enriched !'B to minimize the absorption of thermal
neutrons used in the separate FLL imaging experiments
[12,13]. The data presented here are of two types. The
first are magnetization studies taken with a quantum de-
sign SQUID magnetometer with the field applied along
the [100], [110], and [001] crystallographic directions of
as grown crystals. The isothermal M (H) loops were taken
after zero-field cooling (ZFC) the sample to the chosen
temperature and then cycling from H = 0 up to +55 kG,
then down to —55 kG, and finally back to O: i.e, the data
do not include the virgin curve. The second type of data
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are from transport measurements of the critical current us-
ing1 X 1 X 5 mm? bars cut from the larger crystals with
one short dimension along [001] and the long dimension
along [100] or [110]. For these transport measurements,
the sample was first etched using HF followed by aqua re-
gia to reduce surface pinning and then contacted using Pt
wires and Epotek-H20E silver epoxy, yielding contact re-
sistances of <1 ). The critical current was obtained by
regulating the dc current through the sample with a feed-
back loop. The feedback signal was derived from a fixed,
low frequency, ac current summed with the dc, and the
loop was designed to keep the ac component of the volt-
age across the sample fixed as a function of field or tem-
perature. Typicaly the ac component was fixed at 1 wV,
although the trends in the data presented were insensitive
to this exact value.

Shown in Fig. 1 are representative magnetization data
for the field along [110]. Much more extensive data
sets along both [110] and [100] follow the same trends
illustrated here. In the lower panel are M-H loops at a
variety of temperatures spanning Twgvm. Above 1500 G,
one clearly sees the feature that led to the speculation [7]
of weak ferromagnetism in this system. For T > 2.5 K,
and M-H loops extrapolate to near zero at H = 0, after
accounting for the diamagnetism due to the superconduc-
tivity. Below 2.5 K, the extrapolation, indicated by the
dashed line, becomes nonzero, saturating at ~0.3ug/Er
for T <2 K and following a temperature dependence
reminiscent of a developing order parameter. A heuristic
argument for this moment has been given in terms of the
domain walls in the antiferromagnetic state as follows.
The Er spins are approximated by a four position clock
model [14] with a saturated moment of 9w g /Er. The wave
vector of the incommensurate modulation of 0.553a*
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FIG. 1 (color). Shown (bottom panel) are M-H loops at dif-

ferent temperatures for fields H || [110]. The dotted line is the
extrapolation used to suggest the development of a ferromag-
netic moment ~0.3up/Er below Twrm = 2.5 K. In the upper
panel the hysteresis AM ~ I. in the M-H loops is shown as
a function of temperature. Below Twry = 2.5 K the hysteresis
increases dramatically, and a second feature near ~1200 G de-
velops. Data for fields H || [100] are generically similar.
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can be interpreted as a simple nearest neighbor antiferro-
magnet with a ferromagnetic domain wall (two aigned
spins) every (0.553 — %)a* ~ 70 A. Intense higher order
harmonics in the neutron diffraction have been used to
argue for the sharpness of these domain walls [15]. While
there are many possibilities for the ordering within the
ferromagnetic state, a rough estimate for the magnitude of
the ordered moment can be derived assuming the domain
walls order ferromagnetically. In this case, a net moment
~9(0.053) ~ 0.4up/Er ensues, similar to what is seen in
the data.

In addition to this extrapolation it is clear from the M-H
loops that substantial additional hysteresis devel ops below
2.5 K. In the top panel of Fig. 1 we show the hysteresis
AM = [My, — Maown| asafunction of temperature. Sev-
eral features are evident. First, there is a dramatic overal
increase in AM below Twem. Second, the position of the
first maximum increases from ~300 G to ~500 G. This
feature, which roughly coincides with the minimum in the
initial ZFC M-H, is often taken as a measure of H. It
is unclear if thisincrease below Twgy isrelated to H, or
somehow involves extra terms from the coercive field of
the ferromagnetic state. Third, a second maximum in AM
appears near 1200 G for T < Twewm.

In a nonmagnetic superconductor, the hysteresis in the
M-H loops is related to the critical current using the fa-
miliar Bean model [16] as AM « [.. The data of Fig. 1
can then be used to construct the temperature dependence
of 1. for different applied field directions. In Fig. 2 the
zero-field value of AM isplotted. These data are extracted
from hysteresis loops with H along the three unique crys-
tallographic directions; [100], [110], and [001]. The in-
crease in AM for T < Twewm is most clearly seen for H
applied along the [110]. Similar, albeit less pronounced,
increases in AM can be seen for the field along other di-
rections. Comparable increases in AM are found for all
fieldsbelow H = 4000 G with the most distinct increases
found for fields near the local maximain AM. Based on
these data there appears to be adramatic increase in 1. for
temperatures below Twewm.

In a magnetic superconductor, and, in particular, in a
ferromagnetically ordered state, the validity of the Bean
model for constructing the critical current can be ques
tioned. For example, if there is a coercive field associ-
ated with the magnetism, then the hysteresis in the M-H
loops below the coercive field will contain contributions
from both the superconducting critical currents and mag-
netic hysteresis. Preliminary SANS datawith H || a show
that for field cooled experimentswith H > 500 G, B ~ H
and B is carried by the vortex lattice, justifying our quali-
tative use of the Bean model and allowing us to consider
constructs, such as the pinning force, used in nonmagnetic
superconductors.

To verify and expand upon our interpretation of the
magnetization data, we have also measured the trans
port critical current as described above for samples



VOLUME 84, NUMBER 11

PHYSICAL REVIEW LETTERS

13 MARcH 2000

0.9

04
f
408
.. A [001]—
cosk X g % [100]
i Ra—
iy ® [110] Jo7
2 X
02
= L4 X
< X x = Jos
*
o1} 2 g I
hd ﬂ 405
0.0 1 L
2 3 4
T (K)
FIG. 2 (color). Relative magnetization critical currents AM ~

1. at zero applied field as a function of temperature for three
different field orientations. Data at other applied fields are simi-
lar. The data for H || [110] are taken from the data of Fig. 1.
Therapid increase below Twrv ~ 2.5 K is most pronounced for
H || [110]. Note: The data for H || [001] plotted against the
right axis have an offset zero.

immersed in liquid helium. The data (shown in the
lower panel of Fig.3) were taken as temperature
sweeps at fixed field following a field cooled process
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FIG. 3 (color). Shown (bottom panel) are the transport critical

currents for fields applied along [001] and current along [100].
Also included are the magnetization critical currents for the
same fields, scaled to match the transport data at 3.5 K and
500 G. Even in this orientation, perpendicular to the developing
ferromagnetic moment, there is a pronounced increase in 1.
below Twem = 2.5 K. In the upper panel, a plot of the pinning
force Fp ~ I.H improves the scaling of the data and shows a
roughly threefold increase.

for the magnetic field applied aong [001] and cur-
rent along [100]. For currents above 8 A, self-heating
of the samples set in, so we were able to explore only
a limited temperature range at the lowest applied fields.
Also plotted in the lower panel of Fig. 3 are the magneti-
zation critical currents, scaled to match the transport data
at 500 G and 3.5 K. This scaling coincides with estimates
of the magnetization critical current from the Bean model.
Generally, and similar to the magnetization data, thereis a
pronounced increase in the critical currents below Twew,
although the data sets are different in detail. It should be
noted that for A || [010] the transport data (not shown)
showed no sign of the second peak near 1200 G in the
magnetization data. We now believe the second peak is
associated with a low field metamagnetic transition in the
ordered sublattice. This underscores the need to measure
both I, and AM in a magnetic superconductor.

To attempt to understand the origin of this increase, the
pinning force on the flux lines Fp o I.H is plotted in the
upper pand of Fig. 3. Datawith thefield along [010] were
genericaly similar. For T > Twgwm, this shows that the
critical current data roughly scale with the pinning force.
Although outside the scope of this Letter, it is worth com-
menting that the pinning force for T > Twry is roughly
linear and extrapolatesto zerofor T ~ Ty. Thisisconsis-
tent with the large changes in bulk pinning in the incom-
mensurately ordered phase reported earlier [17].

Scaling of the magnetization critical currents using the
pinning force was similar, but showed breakdown of the
scaling at low fields (<1000 G). The increase in the pin-
ning force can be ascribed to enhanced pair breaking asso-
ciated with the ferromagnetic order [18], although without
detailed knowledge of the ordered state it is difficult to get
aquantitative comparison with our data. Within the heuris-
tic model of the ferromagnetic moment resulting from lo-
cal aligned moments at the domain walls, we anticipate
that this local ferromagnetism will have the same strong
pair breaking as a ferromagnetic impurity. Similarly, the
peak in I. near Twewm iS expected due to enhancing pair
breaking from critical fluctuations [13,19]. Overall, the
transport and magnetization give a consistent picture of
the increase in critical current below Twrwm.

Over the years, a number of workers have used ferro-
magnetic impurities, with their concomitant strong pair
breaking, as pinning centers to increase the critical cur-
rent in superconducting samples, and, in particular, super-
conducting wires [20]. One difficulty of interpreting the
specific role of ferromagnetism in those data is that for the
impurities used ferromagnetism sets in at a much higher
temperature than superconductivity, i.e., Tryv (impurity) >
T.(bulk). In such a case it is hard to make the case that
ferromagnetism is important as opposed to the mere pres-
ence of impurities and defects in the host structure. In
ErNi,B,C there are two clear advantages in studying the
effects of ferromagnetism on superconducting critical cur-
rent. First and foremost is that Twrwm(bulk) < T.(bulk),
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so one can unambiguously see the effect that magnetic or-
der has on pinning and the critical current through studies
above and below Twrp. Second, in ErNi»B,C the ferro-
magnetism isintrinsic [7,8] to the material, so the issue of
boundary and surface effects is not present.

Our previous small angle neutron scattering (SANS)
measurements [12] of the FLL with the magnetic field ap-
plied along the ¢ axis in ErNi,B,C suggested that there
is a coupling of the FLL to the ferromagnetism in this
system. The SANS data measure the longitudinal corre-
lation length £, the distance over which the flux lines are
correlated parallel to the applied field. Within models of
weak, random pinning &, is inversely proportiona to 1.
[12]. The SANS data show several surprising effects. The
first isthat &, isroughly field independent over the stud-
ied range. Thisisin stark contrast to what is expected and
seen in conventional superconductorsin which, asthefield
isincreased, the FLL interaction energy increasingly domi-
nates over the pinning energy and all correlation lengthsin-
crease. The explanation for thisisthat the domain wallsin
the incommensurate antiferromagnetic state provide a cut-
off in space for how long the correl ations can grow, causing
& to saturate. The second observation is that at roughly
2.5 K the longitudinal correlation length rapidly drops, in-
dicating that below this temperature the lattice is strongly
disordered. This effect mirrorstheincreasein /.. described
here and can hence be attributed to increased pairbreaking
and pinning associated with the ferromagnetic state. The
final observation from SANS studies relevant to our dis-
cussion is that at this same temperature, the flux lines are
seen to rotate away from the applied field direction by as
much as 1°. This suggests the development of an in-plane
component to the magnetization. This moment is from the
basal plane ferromagnetism, and its addition as a vector
sum to the applied field causes a rotation of the direction
of the FLL. The scaling of these rotations was discussed
in a recent theoretical paper [21].

The observation that ferromagetic regions can effec-
tively pin vortex lines opens up the possibility of many
novel types of devices and experiments. For normal types
of flux line pinning, the pinning force is only weskly field
dependent. The effectiveness of the pinning depends on
field because the interaction energy changes relative to the
pinning energy making the lattice either easier to harder to
pin. For the type of pinning demonstrated here, the inter-
action between a single flux line and a pinning center can
be field dependent. Therefore one can envisage building
devices where the strength of the pinning is field tunable.
For example, one could use a transverse magnetic field to
change the vortex behavior in the plane and build latch-
ing devices and magnetic switches. One can imagine de-
vices in which there is low pinning to alow field lines to
enter the sample and then the pinning is increased, holding

2500

a well-ordered lattice in place. There are many nonequi-
librium dynamic states that can also be formed with such a
field tunable pinning site and many new structures remain
to be discovered.

In conclusion, we have presented both magnetiza-
tion and transport data on the magnetic superconductor
ErNi,B,C. Below 2.5 K, there is a transition into a
state with coexistence of superconductivity and weak
ferromagnetism with an ordered moment in the plane of
~0.3up/Er. Our measurements of the critical current of
this type Il superconductor show that, contrary to intu-
ition, not only can ferromagnetism and superconductivity
coexist, but the onset of ferromagnetic order increases the
critical current of this system. Clearly, the interplay of
superconductivity and magnetism is a rich and interesting
source of new physics that holds many surprises in store
for us.
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